The authors measured Pb isotope compositions of seven USGS rock reference standards, i.e. AGV-1, AGV-2, BHVO-1, BHVO-2, BCR-2, BIR-1/1 and W-2, together with NBS 981 using a micromass isoprobe multicollector inductively-coupled plasma mass spectrometer (MC-ICP-MS) at the University of Queensland.
Introduction
It has been demonstrated that the MC-ICP-MS is the instrument of choice for precise measurement of isotope ratios of geochemical significance and, in particular, those of elements with high ionization potentials (e.g., Cu, Zn, Hf and W) that cannot be measured otherwise using the TIMS thanks to the innovative application of the superior ionization efficiency of a plasma source to Magnetic Sector multi-collector instruments (Bradshaw et al., 1989; Walder and Freeman, 1992; Lee and Halliday, 1995; Thirlwall and Walder, 1995; Blichert-Toft and Albarede, 1997; Marechal et al., 1999; Collerson, 2000; White et al., 2000) . The MC-ICP-MS is particularly capable of highprecision and high-accuracy analysis for Pb isotopes (Rehkämper and Mezger, 2000; Thirlwall, 2000a; White et al., 2000) . For Sr, Nd and Hf isotope analyses with the conventional TIMS method, mass fractionations occurring in mass spectrometers can be corrected accurately using the observed mass fractionation of two or more nonradiogenic isotopes of the same elements. This procedure is, however, impossible for Pb because the latter has only one non-radiogenic isotope, 204 Pb. Alternatively, a correction is applied by comparing this with the observed isotopic fractionation in a synthetic standard solution such as NBS 981. However, this procedure may not be valid because of the potentially different isotopic fractionation behaviors between pure-metal standard solutions and actual sample solutions, and the time dependence of mass fractionations (e.g., Hirata, 1996; White et al., 2000; Woodhead and Hergt, 2000) . Double-and triple-spike techniques have been successful (e.g., Oversby and Gast, 1968; Hamelin et al., 1985; Todt et al., 1996; Galer and Abouchami, 1998) , but they are labor-intensive and timeconsuming. These problems might be overcome by the recently developed MC-ICP-MS method with the 203 Tl isotopes as an internal standard (e.g. White et al., 2000) .
The purpose of this paper is to show that by using the MC-ICP-MS, a Micromass Isoprobe, we can acquire highquality Pb isotopic ratio analyses in actual rock solutions (e.g., the USGS rock reference standards) as well as in the synthetic reference standard (e.g., NBS 981) (Collerson, 2000) . The precisions are comparable to or better than those done by the TIMS. The requirements for small sample size, simplified sample preparation, fast throughput, and great detection capacity make the MC-ICP-MS the instrument of choice. However, caution is necessary for low-Pb solutions, in which case imprecise background mass 204 correction (e.g., the effect of 204 Hg and other possible isobaric interferences) and, in particular, excessive use of Tl can lead to unreliable Pb isotope ratios involving 204 Pb.
Instrument, Sample Preparation and Analytical Details
The MC-ICP-MS that we used at the University of Queensland (UQ) is a Micromass TM Isoprobe (Collerson and Palacz, 1999; Collerson, 2000) . NBS 981 solution was diluted to 100 ppb in 2% HNO 3 with 5−10 ppb of Tl added as an internal standard. About 200 mg of rock powder for each of the studied USGS rock standards was dissolved in a mixture of triple-distilled HF and HNO 3 acids using tightly sealed Teflon Savilex TM beakers on a hot plate at 150°C for ~ 24 hours. The sample solutions were then placed lid off on a hot plate at ~120°C to evaporate to incipient dryness. Two ml 6N HCl was added to remove the fluorides if any. Sample powders were unleached prior to digestion. Lead was separated by the conventional anion exchange procedure on micro-columns containing BioRad TM AG 1-X8 (200−400 mesh) resin and using one column pass in HBr/HCl media (e.g., Woodhead and Hergt, 2000) . All wares used in sample preparation were cleaned following a strict procedure: boiled in detergent decon TM 90, Aquaregia, 6N HNO 3 and then leached with concentrated triple-distilled HNO 3 on a hot plate for over 24 hours. The total Pb procedure blank for the whole-rock analyses is between 60 and 100 pg per analysis (Wendt et al., 1999) , which is in all cases insignificant for Pb-rich samples studied (Pb ~2 ppm for BHVO-1, BHVO-2 and BIR-1; 10 ppm for AGV-1, AGV-2, BCR-2 and W-2).
Isoprobe operating conditions have been discussed by Collerson and Palacz (1999) and Collerson (2000) , and the technical details will be discussed elsewhere (Collerson et al., 2002) . The Aridus Desolvating system was used for sample solution introduction. Note that the blank level for the Aridus if any is negligible because no Pb isotope signal is detected after our four-step washouts (see below). The s ample up-take rate is ~ 60 µl per minute. The between-sample wash includes 5 minutes flush using each of the following solutions: (1) 10% HNO 3 , (2) 0.01% HF, (3) isopropyl alcohol and (4) 2% HNO 3 (a total of 20 minutes). Sample solutions were "spiked" with ~5−10 ppb Tl for mass fractionation correction. On-peak zeros were measured to correct for the background Hg effect (in argon or solution or both?) and for the possible Pb memory from the sample introduction system. A ±0.5-amu background was measured for baseline subtraction prior to the measurements of isotopic peaks for each unknown sample solution. 100 ppb solution typically yielded a Pb ion beam of >12 volts. Sufficient precision can be achieved by acquiring < 50 cycles in less than 10 minutes (i.e., < 12 s per cycle) consuming about 1 ml solution provided that the solutions have Pb ≥ 40 ppb. Masses 202, 203, 204, 205, 206, 207 and 208 were measured simultaneously via a multi-Faraday Cup array. Mass 202 (assumed to be 202 Hg) was measured to correct for 204 Hg contribution to 204 Pb, assuming that 204 Hg/ 202 Hg = 0.229866 (White et al., 2000) . Pb isotope mass fractionation was corrected against the observed 203 Tl-205 Tl mass fractionation. The correction is done by assuming that Tl and Pb behave similarly in ICP-MS (e.g., Longerich et al., 1987; Walder and Furuta, 1993; White, 1993; Belshaw et al., 1998; Rehkämper and Halliday, 1998; ) .
Results and Discussion

Mass fractionation correction
Mass fractionation occurring in the ICP-MS is always larger than in the TIMS. However, for Pb isotope analysis, the mass fractionation in ICP-MS can be corrected effectively via simultaneously measuring 203 Tl/ 205 Tl and Pb isotopic ratios. Previous MC-ICP-MS studies of Pb isotopes followed either an exponential law (e.g., BlichertToft et al., 1997; Luais et al., 1997; Belshaw et al., 1998; Marechal et al., 1998; Rehkämper and Mezger, 2000; Thirlwall, 2000; White et al., 2000) or a power law (e.g., Hirata, 1996 Hirata, , 1997 Rehkämper and Halliday, 1998) to correct for mass-dependent Pb isotopic fractionation. White et al. (2000) gave an excellent account of the issue and dealt with this rigorously. However, we have observed a simple linear relationship in mass-dependent isotopic fractionation in the measured mass range of 203 to 208. Simple linear correction is therefore adequate for Pb mass fractionation, at least for Pb isotope ratios within the range of natural rocks.
In our analysis, isotope ratio calculation includes subtraction of baseline, on-peak zeros to correct for possible Pb memory from the sample introduction system and the possible 204 Hg contribution to 204 Pb, and most importantly the mass fractionation correction. Mass fractionation correction is achieved by correcting against the observed 203 Tl-205 Tl fractionation, assuming that Pb has the same mass fractionation coefficient as Tl and a reference value of ( 203 Tl/ 205 Tl) R = 0.41865, which is obtained empirically to be the optimal value for the Isoprobe at UQ (Collerson, 2000) . This value is similar to the value (0.41892) of Dunstan et al. (1980) . Rehkämper and Mezger (2000) preferred to adjust this reference value on a daily basis, but we have found that such adjustment is not necessary. This is because the relative errors on NBS 981 we measured over a 5-month Collerson (2000) ) and the value 0.41892 by Dunstan et al. (1980) . This suggests that the mass fractionation seen in the MC-ICP-MS differs physically from that in the TIMS. In the TIMS, the mass fractionation occurs during ionization, that is, heavier isotopes of an element form stronger bonds and have slightly lower translational velocities than lighter isotopes (Urey, 1947; White et al., 2000) and therefore the lighter isotopes preferentially ionize and enter the analyzer. In the MC-ICP-MS, little mass fractionation occurs during ionization because the ionization efficiencies approach 100% (~ less than 1% in the TIMS) (White et al., 2000) . Mass fractionation in the MC-ICP-MS is thought to result from space-charge effects in the low electrostatic field regions of the instrument; as the ion beam expands, lighter ions migrate to the exterior of the plasma and are focused less efficiently in the mass analyzer (Ross and Hieftje, 1991; Marechal et al., 1999; Niu and Houk, 1996; Hirata, 1996; White et al., 2000) .
In mass fractionation correction following an exponential law, a fractionation coefficient, termed the Beta value, is defined as follows: (Collerson, 2000) . The β value is essentially the same as the factor f proposed by of Marechal et al (1999) and White et al. (2000) . The corrected ratios (with subscript C) are calculated, for example, for (Table  1) . Such linear variations are unexpected (e.g., Maréchal et al., 1999; White et al., 2000) , but our observations in Fig. 1 are robust. In fact, Fig. 1 demonstrates that linear correction is sufficient for correcting mass-dependent Pb isotope fractionation in the MC-ICP-MS, and confirms the suggestion/assumption in the literature that Pb and Tl behave sufficiently similar, if not identical, in terms of mass fractionation in the MC-ICP-MS. The latter is particularly important in understanding the physics of isotope fractionation in the MC-ICP-MS. Figure 2 compares the results corrected linearly with those following the exponential law. Note that such excellent correlations are unexpected because if both correction procedures were perfect there should be a single value with random errors associated with the means. However, such within-error ( ±2σ) correlations demonstrate that the linear correction is as effective as those following the exponential and power laws. Tables 1 and 2 present the mean and 2σ values of 154 measurements of Pb isotope ratios on NBS 981. The mean values of our NBS 981 data corrected using both methods are very similar to each other and similar to the median values (not shown), indicating that the variations are close to a normal distribution and reflect a random analytical error vs. artificial or procedure caused error. Table 2 shows that our data are in good agreement within errors (2σ) with the existing double-and triplespike TIMS data and MC-ICP-MS data from other laboratories. The external reproducibility on 154 runs over a 5-month Pb respectively. Such reproducibility demonstrates not only a good long-term instrumental stability, but also the fact that the Isoprobe can indeed obtain precise Pb isotope ratios comparable in precision to the double-and triple-spike TIMS data. Note that such reproducibility is based on the correction using a single reference value of ( 203 Tl/ 205 Tl) R = 0.41865 over a 5-month period. This demonstrates that daily adjustment of this reference ratio (Rehkämper and Mezger, 2000) is unnecessary, at least for the Isoprobe at UQ.
mean and median values of NBS 981
USGS reference rock standards: AGV-1, AGV-2, BHVO-1, BHVO-2, BCR-2, BIR-1 and W-2
In order to investigate the potential of the Isoprobe for analyzing Pb isotopes in actual rocks, we analyzed seven USGS rock reference standards. Table 3 gives the data and Fig. 3 provides a comparison of our data with the available double-spike corrected TIMS data for 5 USGS rock standards: AGV-1, AGV-2, BCR-2, BHVO-1 and BHVO-2 (Woodhead and Hergt, 2000) . The average of 10 runs of NBS 981 done during the analysis of these rock standards is in good agreement with the means of the 154 runs achieved in the 5-month period (see Tables 1 and 2 ). Our Isoprobe data for AGV-1 and BHVO-1 are in good Catanzaro et al. (1968) . Note that such inter-laboratory comparison may not always be valid. For example, the values by White et al. (2000) are not claimed to be the true values of NBS 981, but only reference values or "prescribed standard" used to "normalize" the values of the rock sample data. agreement with the double-spike TIMS data of Woodhead and Hergt (2000) . The analytical precision is comparable to or better than the TIMS data. However, we observed that our Isoprobe data for BHVO-2, and to a lesser extent AGV-2 and BCR-2, differ from the double-spike TIMS data of Woodhead and Hergt (2000) . The difference for BHVO-2 is beyond the analytical error. Given the similar precisions by the two techniques (Fig. 3) , we suggest that the difference for BHVO-2 could be inherited from the difference of the two batches of rock reference materials studied. This difference for BHVO-2, plus the small but recognizable differences for AGV-2 and BCR-2, suggests the probable heterogeneity of these USGS standards, perhaps due to incomplete homogenization or contamination during preparation. Caution is therefore necessary when considering their Pb isotope measurements as standards (White, person. Comm., 2001) . We corrected for Pb isotopic mass fractionation for all the rock standards both linearly and exponentially. The two cases agree well with each other and are close to the double-spike TIMS data of Woodhead and Hergt (2000) , particularly for AGV-1 and BHVO-1. We ran the same chemically separation solutions for some samples (BCR-2, BHVO-2 and W-2) at different times, and we also measured two different separation solutions of BCR-2 and BHVO-2 (Table 3) . Especially, the data obtained for BCR-2, statistical analyses of three different Batches 0295, 0373 and 0376, including re-digestion and re-separation of Batch 0295 are all reproducible, and in good agreement with the double-spike TIMS data within 2σ errors (Table 1) of the corresponding isotopic ratios as if no mass fractionation occurred. Bigger grey circles and triangles are analyses done along with the USGS rock standards of this study and those done together with about 80 abyssal peridotite samples (Niu and Li, in preparation) . Smaller solid circles and triangles are NBS 981 analyses of Collerson (2000) . (Woodhead and Hergt, 2000) . We thus conclude that our chemical procedure, Isoprobe stability as well as our fractionation correction method are all acceptably good.
We also obtained Pb isotopic data for the USGS rock standards BIR-1/1 (Batch 1003) and W-2 (Batch 1020), which are, to our knowledge, the first analyses available. We think that these new Pb isotopic data for BIR-1/1 and W-2 have good quality and may be used as reference for future studies. We wish to point out however that these rock standards may not be homogeneous. Caution is thus necessary when using these data (W. M. White, person. Comm., 2001 ).
Matrix effect and dilution experiments
It has been discussed in the literature that purified (essentially mono-element) materials such as NBS 981 and 982. exhibit markedly different mass fractionation behaviors from actual rock samples with complex matrices (e.g., major elements etc.) in the TIMS (Woodhead et al., 1995; Woodhead and Hergt, 1997) . Leads, chemically separated from rock solutions, may still contain trace amounts of elements such as Cd, Zn and Mg. Such matrix may suppress (or even enhance) ionization in an unpredictable manner, i.e., matrix effect (e.g., Woodhead et al., 1995; Hergt, 1997, 2000; Thirlwall, 2000) . The so-called matrix effect within the ICP-MS is poorly understood and is thought to vary from one instrument to another. Ross and Hieftje (1991) showed apparent matrix-induced interferences on ion intensities. White et al. (2000) proposed that the relatively large standard deviation of real rock analysis might be partially caused by matrix effect; impurities in the analyte Almost perfect linear correlations are unexpected if both correction procedures were perfect as there should be a single value with random errors about the means, but the within-error (±2σ) correlations demonstrate that the simple linear correction is adequate. Fig. 3 . Comparisons of Pb isotope ratios of USGS rock reference standards AGV-1, AGV-2, BCR-2, BHVO-1 and BHVO-2.
Analyzed by the UQ Isoprobe (grey squares labeled with "L" -corrected linearly, and black squares with "E" -corrected exponentially) with those of double-spike corrected TIMS data of Woodhead and Hergt (2000) (grey circles labeled with "W"). Woodhead and Hergt (2000) . "Runs*" refers to the number of repeated analyses at different times of the same chemistry separation solutions: BCR-2, BHVO-2 and W-2, or multiple runs of replicate digestion/chemistry separation solutions: BCR-2 and BHVO-2. Pb (ppb) # indicates Pb concentrations in sample solutions estimated from 208 Pb-intensity by comparison with that of NBS 981solutions. The 10 analyses of NBS 981 were done during the same period of these rock standards analyzed. **denotes the measurements of two diluted BCR-2 (Batch 295) to lower concentrations of about one fourth (~ 35 ppb) and one eighth (~ 17 ppb) of the first run (147 ppb).
could affect ion beam stability as well as cause isobaric interferences.
We have found that significant amounts of impurities such as Mg, Zn, Cu, W, B and Ag still exist in our chemically separated Pb solutions. The concentrations of some of these elements such as Mg are comparable to those of Pb in terms of signal intensities. However, as our Isoprobe Pb isotope data of the USGS rock standards are reproducible, and agree well with the double-spike TIMS data (Woodhead and Hergt, 2000) , we consider that the matrix effect, if any at all, is insignificant in terms of Pb isotopic ratio analysis. This is perhaps not surprising because most rock constituents have been removed during Pb chemical separation.
In order to further understand the potential matrix effect and its extent as well as errors associated with Isoprobe Pb isotope ratio analyses, we measured the Pb isotope ratios of progressively diluted solutions of the same initial solution of BCR-2 (Batch 0295) and an abyssal peridotite sample . We acquired 36 ratios for each of the diluted sample solutions and 50 ratios for NBS 981. We have not observed any obvious matrix effect on data precision. This is again not surprising as the solutions are overall further diluted. However, Tl is kept more or less the same, and the Tl/Pb ratios are higher in more diluted solutions. We can conclude at least that the matrix effect of Tl on Pb isotopic ratio analysis is not obvious, which others may not agree with (e.g., Rehkämper and Mezger, 2000) .
Our dilution experiments demonstrate that the varying Tl/Pb ratio (varying Pb but similar Tl concentrations of 10−20 ppb) does affect the measured Pb isotopic ratios involving 204 Pb, but this is not because of the matrix effect, but because of baseline correction problems as discussed below. We found that Pb isotopic ratios with 204 Pb as the denominator become larger and unreliable in more diluted sample solutions; the isotopic ratio increases rapidly with decreasing Pb concentration (Fig. 4) . However, the Pb ratios and X is the Pb concentration. Such a hyperbolic function often reflects a binary mixing in geochemistry (Langmuir et al., 1978; Albarède, 1995) . Understanding the origin of such a trend is important in the improved MC-ICP-MS Pb isotope ratio analysis (see Section 3.6 below).
Hg interference on mass 204 and its correction
The Hg interference on mass 204 has always been a problem in Pb isotope analysis (e.g. Walder and Furuta, 1993; Hirata and Nesbitt, 1995; Rehkämper and Halliday, 1998; White et al., 2000) . We have observed the same using the Isoprobe at UQ despite the generally weak signals. The origin of Hg is likely to be laboratorydependant. For example, Hirata and Nesbitt (1995) and Rehkämper and Halliday (1998) concluded that Hg was present in the plasma supporting the Ar gas. White et al. (2000) speculated that Hg might come from a nonoperating Hg pump in their laboratory. We observed roughly the same 202 Hg signal intensity during sample uptake and between-sample washes using three different acid solutions (10% HNO 3 , 0.01% HF and 2% HNO 3 ) and pure Mili-Q water. However, we observed no 202 Hg signal when introducing isopropyl alcohol, one of our wash solutions. This could suggest that (1) there is no Hg in the Ar used in the UQ lab, or alternatively (2) Hg could in fact exist in the Ar, but may have combined with isopropyl alcohol in plasma (or collision cell?) forming some complex ions with masses different from 202. When no solutions of any kind, but just air and Ar were introduced, no signal on mass 202 was observed. This suggests to us that Hg is potentially present only in the Mili-Q water, which is used for sample preparation and to dilute distilled acids.
As the baseline subtraction and masses 202 through 208 are all measured simultaneously from the same ( 203 Tl "spiked") sample solutions dominated by the same Mili-Q water (2% HNO 3 ) "matrix", they thus have similar Hg abundances and isotopic compositions. Therefore, correction of 204 Hg isobaric interferences on 204 Pb using the intensity at Hg fractionation. Therefore, neglecting the Hg isotopic fractionation may contribute to the inaccuracy on the resultant 204 Pb. Also, some of the signals on mass 202 measured may not be Hg, so there could also be over-correction on mass 204 (W.M. White, Person. Comm.) . Calculations show that all these effects are small 
Pros and cons of using
203 Tl as an internal standard Rehkämper and Mezger (2000) suggested that addition of large amounts of Tl to the samples is unfavorable for accurate measurements of low-intensity 204 Pb due to inaccurate baseline subtraction. Thirlwall (2000) noted the same and suggested the need of accurate Tl tail correction. We independently discovered the same through our systematic Pb-dilution experiments. As reviewed above (Section 3.1), there is much discussion in the literature on the elegance of using [203] [204] [205] Tl to correct for massdependent isotopic fractionation in Pb isotope ratio analysis, but we stress and illustrate here that the use of 204, 206, 207 and 208) , and mass fractionation correction by interpolation is better constrained than by extrapolation as is the case when using 203 Tl. (2) The simple linear fractionation relationship in the mass range of 203 to 208 we discovered ( Fig. 1 ) might well extend to mass 202 to 209. This suggestion requires experimental tests.
The observations and foregoing discussion suggest that the MC-ICP-MS in general and perhaps the Isoprobe in particular are yet to be refined in abundance sensitivity. We do not consider this a negative sign, but emphasize an urgent need for instrumental improvement.
Conclusions
The major conclusions of this study are as follows.
(1) An MC-ICP-MS, such as the Isoprobe at UQ, can produce precise Pb isotope ratios on both high-purity reference solutions such as NBS 981 and actual rock samples such as the USGS reference standards. Our data on these rock standards are comparable to the double-and triple-spike TIMS data in precision and accuracy.
(2) We demonstrate that a linear correction for Pb isotopic fractionation is adequate with the results identical to those corrected following an exponential law or power law at least for Pb isotope ratios within the range of natural rocks.
(3) Precise 207
